Voxel-based morphometry
Introduction
Prepulse inhibition (PPI) of the startle response refers to a reliable reduction in the amplitude of the startle response to a strong sensory stimulus, the pulse, if this is preceded shortly (30-500 msec) by a weak non-startling stimulus, the prepulse (Graham, 1975) . PPI is believed to be an operational measure of a sensorimotor filtering system (Geyer et al., 1990) . Since the first demonstration by Braff et al. (1978) , a large number of studies have confirmed that individuals with schizophrenia, on average, show reduced PPI compared to healthy individuals (Braff et al., , 2005 Meincke et al., 2004; Swerdlow et al., 2006; Kumari et al., 2007) . The cognitive overload resulting from reduced sensorimotor gating is thought to give rise to some of the complex clinical symptoms associated with this disorder (Geyer et al., 1990; Braff, 1993 ). Animal studies demonstrate that PPI is modulated by the cortico-striatal-pallido-thalamic (CSPT) circuitry involving the prefrontal cortex, thalamus, hippocampus, amygdala, nucleus accumbens, striatum, ventral pallidum, globus pallidus, and subpallidal efferents to the pedunculopontine nucleus (reviews, Swerdlow and Geyer, 1998; Swerdlow et al., 2001 ). Pharmacological and surgical challenges to substrates of the CPST circuitry reliably produce changes in PPI in experimental animals (reviews, Geyer et al., 2001; Swerdlow et al., 2001) .
Previous studies have utilised structural magnetic resonance imaging (MRI) volumetry to study the neural correlates of higher order cognitive functions in healthy (e.g., Maguire et al., 2000; Ettinger et al., 2002 Ettinger et al., , 2005 Sanfilipo et al., 2002) and clinical populations, including schizophrenia (review, Antonova et al., 2004; Ettinger et al., 2004) . Recent data, for example, demonstrating a relationship between the behavioural measures of specific frontal lobe function and regional frontal lobe volumes (Sanfilipo et al., 2002; Ettinger et al., 2005) and between memory and hippocampal volumes (Maguire et al., 2000) , clearly demonstrate that structural properties of the specific brain regions are closely associated with behavioural measures of their function. Extending this approach to study the brain basis of human PPI, our previous study demonstrated a significant relationship between PPI and grey matter (GM) volume on a highly spatially localised scale in the hippocampal, striatal, thalamic, temporal and frontal regions in 24 healthy participants . Although no study has as yet examined the contribution of structural brain volume to PPI in patients with schizophrenia, a degree of volumetric change has been demonstrated in those brain regions relevant to PPI (review, Shenton et al., 2001 ).
The present study aimed to investigate the structural brain correlates of acoustic PPI in a clinically stable group of men with schizophrenia. As in our previous investigation of healthy participants we employed voxel-based morphometry (VBM) which allows the examination of correlations between GM volume and behavioural measures on a voxel-by-voxel basis across the entire brain rather than limiting the search to certain regions of interests (ROIs) (Gaser and Schlaug, 2003) . In light of our previous observations in healthy people we hypothesized that less GM volume in the frontal, hippocampus/temporal lobe, striatum, thalamus, and possibly parietal regions would be associated with lower PPI in patients with schizophrenia.
2.
Materials and methods
Participants
This study included 50 men with a diagnosis of schizophrenia or schizoaffective disorder, from 42 of whom usable psychophysiology and imaging data were acquired for the current investigation. Of those not included, four patients were startle non-responders (mean amplitude < 10 mV), two patients could not be tested on PPI for practical reasons, and imaging data were unusable for two patients. All patients were (i) recruited from the South London and Maudsley NHS Foundation Trust, (ii) on stable doses of antipsychotic medication for at least three months prior to taking part, (iii) in a stable (chronic) phase of the illness, and (iv) were living in the community or long stay/rehabilitation wards. These participants had not taken part in any of our previous PPI studies. Table 1 shows demographic and clinical characteristics of the study group. The clinical, psychophysiological (PPI of the startle response) and imaging NART: National Adult Reading Test (Nelson and Willison, 1991) . PANSS: Positive and Negative Syndrome Scale (Kay et al., 1987) . a n ¼ 41, Reliable information about the age at illness onset was unavailable for one participant.
data were acquired within a period of 2-7 days for each individual.
The study procedures were approved by the joint research ethics committee of the Institute of Psychiatry and the South London and Maudsley NHS Foundation Trust. All participants provided written informed consent and were reimbursed for their time and travel.
Diagnoses and clinical assessments
Clinical diagnoses were made by an experienced consultant psychiatrist (DF) blind to the subsequent MRI and PPI measures, using the Structured Clinical Interview for DSM-IV (SCID; First et al., 1995) . Symptoms were rated by the same psychiatrist using the Positive and Negative Syndrome Scale (PANSS) (Kay et al., 1987) . In addition, predicted IQ was measured using the National Adult Reading Test (NART) (Nelson and Willison, 1991) and current IQ was measured using the Wechsler Abbreviated Scale of Intelligence (two-test version; Wechsler, 1999) for sample characterization purposes.
PPI: paradigm, startle response measurement and scoring
A commercially available human startle response monitoring system (Mark II, SR-Lab, San Diego Instruments, San Diego, California) was used to generate and deliver the acoustic stimuli, and to record and score the electromyographic (EMG) activity for 250-msec starting from the onset of the acoustic startle stimulus. Acoustic stimuli were presented to participants binaurally through headphones. The pulse-alone stimulus was a 40-msec presentation of 114-dB (A) white noise and the prepulse stimulus a 20-msec presentation of 85-dB (A) white noise, both over 70-dB (A) continuous background noise. The session began with a 5 min acclimatization period consisting of 70-dB (A) continuous white noise. Participants received four blocks of 12 trials each, after an initial pulsealone trial. Each block consisted of three pulse-alone trials, three prepulse trials with a 30-msec prepulse-to-pulse (onset-to-onset) interval, three prepulse trials with a 60-msec prepulse-to-pulse interval, and three prepulse trials with a 120-msec prepulse-to-pulse interval presented to individuals in a pseudorandom order with a mean inter-trial interval of 15 sec (range 9-23 sec).
The experimental procedures for recording and scoring the startle reflexes were identical to those reported previously (e.g., . The eyeblink component of the startle was indexed by recording EMG activity of the orbicularis oculi muscle directly beneath the right eye, by positioning two miniature silver/silver chloride electrodes. Recorded EMG activity was band-pass filtered, as recommended by the manufacturer and a 50-Hz filter used to eliminate 50-Hz interference. The EMG data were at first inspected on a trial-to-trial basis (to exclude erroneous trials for a particular person) and then scored by the system's analytic programme for response amplitude (in arbitrary units; 1 unit ¼ 2.62 mV) and latencies (in msec). Responses (<4%) were rejected if the onset and peak latencies differed by more than 95 msec or when the baseline values shifted by more than 50 units.
Participants were told that the experiment was to measure their reaction to a number of noise-bursts, but no specific instructions were given to attend or ignore them. They were requested to keep their eyes open during the experiment. There was no explicit restriction on smoking intake prior to testing but care was taken not to take participants to the startle laboratory for about 25 min after they had a cigarette, in order to prevent a state of smoking withdrawal or a heavy intake during the testing session that may transiently affect PPI (Kumari et al., 2001) .
PPI was computed for each participant separately for each trial type as (a À b/a) Â 100, where ''a'' is the pulse-alone amplitude and ''b'' is the amplitude over prepulse trials. Percent of PPI was used rather than the absolute value of PPI (i.e., arithmetic difference between pulse-alone and prepulse trials), since this eliminates the influence of individual differences in startle responsiveness.
As in our previous study of healthy participants , PPI at the 120-msec prepulse-to-pulse interval was chosen as the main dependent measure for hypothesis testing because (a) this interval produces the maximum PPI in humans (i.e., allows the maximum power in terms of range of scores) and (b) is the most frequently used interval in clinical studies (reviews, Braff et al., 2001; . We chose to study 120-msec PPI rather than the mean PPI across all prepulse-to-pulse intervals because the neural correlates of PPI may differ somewhat at different intervals, and focussing on a particular interval would facilitate a precise comparison of the results of future studies on this topic.
MRI

Data acquisition
Structural MRI brain scans were acquired using the 1.5 T GE NV/i Signa system (General Electric, Milwaukee WI, USA) at the Maudsley Hospital, London. A quadrature birdcage head coil was used for RF transmission and reception. Head movement was limited by foam padding within the head coil and a restraining band across the forehead. Initially, a series of sagittal and axial fast gradient echo scout images were acquired in order to correct for head tilt and to orient subsequent images relative to the anterior-commissure/ posterior-commissure line and the interhemispheric fissure
slice thickness ¼ 5 mm, slice gap ¼ 2.5 mm, 256 Â 192 acquisition matrix, one data average). The whole brain was then scanned with a 3-D inversion recovery prepared fast spoiled GRASS T1-weighted dataset. These T1-weighted images were obtained in the coronal plane with 1.5-mm contiguous sections. TR was 18 msec, TI was 450 msec, TE was 5.1 msec and the flip angle was 20 with one data average and a 256 Â 256 Â 128 voxel matrix.
MRI pre-processing
Structural images were converted into ANALYZE format (AN-ALYZE software, BRU, Mayo Foundation, Rochester, MN). A manual determination of the AC-PC line was performed for all images prior to pre-processing. The images were preprocessed as required for the optimised protocol for VBM devised and validated by Good et al. (2001) 
Customised template creation
Customised templates of the whole brain, GM, white matter (WM) and cerebro-spinal fluid (CSF) were created. For the creation of the customised whole brain (T1) template, the images were spatially normalized to the standard SPM2 T1 template using a 12-parameter affine transformation. These normalized images were then smoothed with an 8-mm full width at half maximum (FWHM) isotropic Gaussian kernel, and averaged to create a customised T1 template. The normalized T1 images were then segmented into their GM, WM and CSF components using the GM, WM and CSF probability maps inherent to SPM2. The resultant tissue segments were automatically cleaned to remove non-brain tissue and smoothed with an 8-mm FWHM isotropic Gaussian kernel, normalized using affine transformation with sinc interpolation algorithm and averaged to derive GM, WM and CSF probability maps. To reduce the partial volume problem and ensure optimal tissue segmentation, all images for the templates were written out with 1 Â 1 Â 1 mm voxel size.
Deriving and applying optimised normalization parameters
The structural scans were processed using the customised whole brain and tissue probability templates. The first step entailed a segmentation of the original images in native space, registering to the customised tissue probability map and correcting for image inhomogeneity, followed by the automatic brain extraction and cleaning procedure to remove non-brain tissue. The second step involved spatial normalization of the original images to the customised whole brain template using 12-parameter linear and 7 Â 8 Â 7 discrete cosine transform basis function non-linear transformation (Ashburner and Friston, 1999) , with parameters determined from the images derived from the first step, and resliced to 1 Â 1 Â 1 mm voxel size to yield more accurate subsequent tissue segmentation. The spatially normalized images were then segmented into the three tissue compartments using the customised GM, WM and CSF templates. Brain extraction and cleaning procedures were re-applied to the segmented normalized GM images to further remove extraneous brain tissue. Since the volume of some brain regions may shrink or expand as a result of non-linear spatial normalization, the cleaned GM images were modulated, i.e., the voxel values of each segment were multiplied by the Jacobian determinants of the deformation matrix derived during the spatial normalization step to 'restore' the original volume of each GM segment. Lastly, the GM and WM segments were smoothed using a 12-mm FWHM isotropic Gaussian kernel to make the data conform to the Gaussian field model, underlying the structural inferences as applied in SPM2. This serves to render the data more normally distributed and to reduce the effects of individual variation in sulcal/gyral anatomy (Ashburner and Friston, 2000).
Data analysis
The relationship of PPI to current age, IQ, age at illness onset, and symptoms was examined using Pearson's correlations. Simple linear regression of 120-msec PPI to GM volume maps was then performed at each voxel within SPM2. The resulting statistical parametric maps were thresholded at t ¼ 3.31, p < .001, uncorrected only allowing clusters extending over 25 contiguous significant voxels (each with threshold t ¼ 3.31), as these are unlikely to occur by chance (Sowell et al., 1999) . If these clusters were in a region which was hypothesized to be related to PPI, small volume correction (SVC) was applied to determine whether a cluster is significant after correcting for multiple comparisons within a locally defined volume rather than the whole brain. A 15 mm radius sphere centred on the maxima voxel was used in SVC analyses. These statistical procedures and thresholds are the same as used previously to identify PPI-GM volume relationships in a healthy group . Next, the values representing the percentage of total grey volume under a smoothing kernel relative to the total GM volume for each participant at the maxima voxel of the (three) regions that showed an association with PPI (see Section 3) were extracted. These values were examined (a) using multiple regression to assess the total variance in PPI explained by them and (b) using Pearson's correlations for any associations with age, age at illness onset and current symptoms in order to exclude confounding (SPSS, v15). We further examined the correlations between the percentage of GM volume in these regions and (a) 120-msec PPI after controlling for symptoms (total PANSS score) and mean startle amplitude using partial correlations and (b) with 30-msec and 60-msec PPI using Pearson's correlations. Finally, we evaluated the strength of correlations between the percentage of GM volume in the regions that showed an association with PPI across the entire sample after excluding the patients under drugs other than atypical antipsychotics alone (n ¼ 36) using Pearson's correlations.
The total GM volume for each patient was calculated (in millilitre) from the unsmoothed modulated segmented images (which have the same GM volume as the segmented images in native space) and examined for its association with PPI across the entire sample.
Results
As expected, and replicating numerous previous reports (review, Braff et al., 2001) , the 120-msec prepulse-to-pulse interval produced the maximum PPI (Table 1) which was strongly positively correlated with PPI at 30-msec (r ¼ .693, p < .001) and 60-msec intervals (r ¼ .640, p < .001). PPI did not correlate with current age, IQ, age at illness onset, positive symptoms, negative symptoms or general psychopathology scores in this sample (all p > .05 uncorrected for multiple comparisons).
Correlations with GM volume
PPI was positively correlated with GM volume in the left dorsolateral prefrontal cortex (centred at x ¼ À45, y ¼ 45; z ¼ 25;
c o r t e x 4 4 ( 2 0 0 8 ) 1 2 0 6 -1 2 1 4 SPM2 derived T ¼ 4.05; p < .001 uncorrected, .015 corrected; see Fig. 1a ), the right middle frontal cortex (centred at x ¼ 40, y ¼ 14; z ¼ 53; t ¼ 3.61; p < .001 uncorrected, .035 corrected; Fig. 1b) and the right orbital/medial prefrontal cortex (centred at x ¼ 24, y ¼ 44; z ¼ À21; t ¼ 3.55; p ¼ .001 uncorrected; .04 corrected; Fig. 1c ). As demonstrated in Fig. 1 (scatter plots) one patient showed marked facilitation, rather than inhibition of the startle response (i.e., negative PPI value). However, the correlations between PPI and GM volume in all three regions remained significant after this participant was excluded. The results therefore are presented for the entire sample. No other region across the entire brain met our criteria for a significant association with PPI with or without the latter participant. The relationships between the percentage of GM volumes at the maxima voxel in the three regions and 120-msec PPI (see Fig. 1 ) remained significant after we partialled out the effect of symptoms and mean pulse-alone amplitude [r ( p) values for correlations between the left dorsolateral prefrontal, right middle frontal and orbital/medial frontal regions, respectively, and PPI: .498 (.001), .498 (.001), .469 (.002); after partialling out symptoms: .471 (.001), .501 (.001), .447 (.004); after partialling out overall pulse-alone amplitude: .406 (.009), .476 (.002), .360 (.021)]. The percentage of GM volume in the orbital/medial frontal cortex was correlated significantly positively with 30-msec (r ¼ .302, p ¼ .05) and 60-msec PPI (r ¼ .457, p ¼ .002); the associations between GM volumes in the left dorsolateral prefrontal and right middle frontal regions and 30-msec and 60-msec PPI were also in the same direction (positive) but not at a significant level (r values: .150-.232). Finally, the GM volume-PPI (120 msec) correlations after excluding patients under drugs other than atypical alone were very similar (r values for correlations between the left dorsolateral prefrontal, right middle frontal and right orbital/ medial frontal regions, respectively, and PPI: .500, .507, .416) to that observed for the whole sample (presented earlier).
There was no association between total GM volume and 30-msec, 60-msec or 120-msec PPI (r values < .07).
Discussion
The investigation demonstrated an association between PPI and GM volume in keeping with the hypothesis with respect to the dorsolateral prefrontal (left), middle frontal (right), and the orbital/medial prefrontal (mainly right) cortices in patients with schizophrenia. In contrast, expected relationships between PPI and GM volume in other PPI-relevant regions, namely the hippocampus, temporal lobe, striatum, and thalamus, were not found. The significant association found between the GM volume in the frontal cortex and PPI in patients with schizophrenia is not surprising since this region is part of the circuitry known to modulate PPI in experimental animals (reviews, Swerdlow and Geyer, 1998; Swerdlow et al., 2001) and has shown activation in association with PPI in functional neuroimaging studies of human subjects (Hazlett et al., 1998) . Whilst PPI is considered primarily to be a preattentive mechanism (Graham, 1975) , it may be susceptible to cognitive processes controlled in a 'top down' manner by the cortex (Hazlett and Buchsbaum, 2001 ). Of particular interest in this context is the observation that actively 'attended' prepulses produce more PPI than the 'ignored' ones, especially at prepulse-to-pulse intervals greater than 60 msec (Jennings et al., 1996; Dawson et al., 1997; Filion et al., 1998; Schell et al., 2000; Filion and Poje, 2003) . However, active attention to prepulses is not necessary for PPI to occur (Blumenthal, 1999) . Recent neuropsychological studies provide further evidence for an association between the prefrontal lobe and PPI in demonstrating greater PPI in healthy participants who also show superior performance on tasks that rely on the integrity and efficiency of prefrontal cortical function (Bitsios and Giakoumaki, 2005; Bitsios et al., 2006; Giakoumaki et al., 2006) . More specifically, behavioural measures of planning, strategy formation, and selective attention are reported to covary with PPI in healthy people (Bitsios and Giakoumaki, 2005; Bitsios et al., 2006; Giakoumaki et al., 2006) . Within the schizophrenia population, PPI shows small-to-modest positive correlation with performance on the Wisconsin Card Sort Test, which is widely regarded as a measure of planning and strategy formation (Butler et al., 1991; Kumari et al., 2007) , and negative correlation with distractibility on the Continuous Performance Test (Karper et al., 1996; Kumari et al., 2007) . Swerdlow et al. (2006) recently reported a positive association between PPI and functional status in patients with schizophrenia, which in turn may be a function of prefrontal cortex integrity (Wood et al., 2006) , though a direct association between neuropsychological performance and PPI was not detected by these researchers. Our results showing associations between localised frontal lobe GM volumes and PPI, but no association between total GM volume and PPI, suggest specific and localised frontal cortex-PPI associations in people with schizophrenia.
Of the localised frontal regions found to show an association with PPI in the present study, the dorsolateral prefrontal cortex is considered vital for planning and strategy formation, and also implicated in selective attention (e.g., Banich et al., 2000a Banich et al., , 2000b MacDonald et al., 2000; Peterson et al., 2002; Weiss et al., 2007) . Both the dorsolateral as well as ventrolateral regions of the prefrontal cortex are strongly implicated in monitoring interference (Blasi et al., 2006) . The right middle frontal gyrus is considered particularly involved in resolution of response competition (Hazeltine et al., 2003) and keeping 'irrelevant information out of mind' (Bunge et al., 2001) . This latter finding is very pertinent to our observations since impaired inhibitory processes underlying diminished PPI in schizophrenia are conceptualized to reflect an overload of sensory information (Geyer et al., 1990; Braff, 1993) .
The absence of a significant association between PPI and GM volume in the hippocampal, temporal, thalamic, and caudate regions (even when examined at a lower threshold) differs from our previous findings in healthy participants where GM volume in these regions was positively associated with PPI . This difference is not likely to be due to a lack of power in the current study since it included a greater number of participants (n ¼ 42) than our previous study (n ¼ 24). Instead, other factors may be relevant. First, it has been suggested that behavioural abnormalities associated primarily with the temporal lobe are more strongly manifested in the presence of frontal lobe deficits in schizophrenia (Kurachi, 2003a (Kurachi, , 2003b and this, if true, may lead to stronger associations between such abnormalities and properties of the frontal lobe. Second, although prefrontal cortex hypofunctioning has been theoretically as well as empirically implicated in schizophrenia (Liddle et al., 1992; Andreasen et al., 1997; reviews, Kurachi, 2003a reviews, Kurachi, , 2003b , there is only modest evidence of prefrontal volumetric reduction (observed in 59% of studies reviewed; Shenton et al., 2001 ) with comparatively more robust evidence of structural alterations of medial temporal lobe structures (74% of studies reviewed), which include the amygdala, hippocampus, and parahippocampal gyrus, and neocortical temporal lobe regions (superior temporal gyrus; 100% of studies reviewed). It is plausible that there was relatively greater variance in the prefrontal lobe GM volume in our sample and this variance allowed a relationship with PPI to be detected whereas GM volume in the temporal lobe regions may have been relatively more compromised across the entire sample. The evidence for thalamus volume reduction is also moderate (review, Shenton et al., 2001) , but this brain region may relate more strongly to normal and deficient PPI at the functional than at the structural level as discussed previously . Third, and perhaps the most likely, reason may be that behavioural parameters normally associated with volumes of the temporal lobe, hippocampus and parahippocampal gyrus remain associated with volumes of these regions in female patients while such associations may be disrupted in male patients with schizophrenia (review, Antonova et al., 2004) . Conversely, prefrontal cortex volume and behavioural measures of its function do not appear to be influenced by gender in patients with schizophrenia (review, Antonova et al., 2004) . The fact that the c o r t e x 4 4 ( 2 0 0 8 ) 1 2 0 6 -1 2 1 4 present study included male patients only may be one reason why we observed a significant association of PPI to GM volume in the frontal cortex but not in some other PPI-relevant regions.
In total, GM volume in the frontal lobe explained about 44% of variance in PPI in patients in this study whereas about 62% of the variance in PPI was explained by GM volume in multiple cortical and limbic regions in our previous study of healthy participants . There may be a stronger structure-function correspondence in healthy people than in people (especially males) with schizophrenia (Antonova et al., 2004) . Furthermore, several other factors, such as the presence of thought disorder (Perry and Braff, 1994; Perry et al., 1999; Meincke et al., 2004) and brain abnormalities at the functional level (Hazlett et al., 1998; Kumari et al., 2003 Kumari et al., , 2007 are also known to be associated with deficient PPI in schizophrenia. The strength of GM volume-PPI correlations when examined in patients treated with atypical antipsychotics alone was very similar to that observed for the entire sample. This may reflect the fact that the use of atypical antipsychotics is associated with both increased cortical GM volume (Garver et al., 2005; Lieberman et al., 2005) and increased PPI in people with schizophrenia (reviews, Kumari and Sharma, 2002; Swerdlow et al., 2006; Kumari et al., 2007) .
In conclusion, our findings indicate that sensorimotor gating function in schizophrenia is facilitated by availability of neural resources in the frontal cortex. Future studies are needed to examine PPI-GM volume relationships in both male and female patients with schizophrenia.
